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Epidermal growth in two mature female bottlenose 
dolphins, Tursiops truncatus, was investigated by fol-
lowing the movement of a cohort of tritiated thymidine-
labeled epidermal cells for 59 days. The majority of the 
cells migrated in a cluster which was estimated to reach 
the skin surface in 73 days. We calculate that the out-
ermost cell layer is sloughed 12 times per day . Turnover 
time and sloughing rate are estimated to be 1. 7 times 
longer and 8.5 times faster than the respective values 
for epidermal cell kinetics in humans. This apparent 
inconsistency of slow transit time and rapid sloughing 
rate is reconciled by the convoluted structure of the 
stratum germinativum in the dolphin which results in a 
ratio of germina:tival to superficial cells of 876:1. The 
stratum germinativum of dolphin epidermis appears to 
lack morphologically distinct, spatially segregated sub-
populations of anchoring and stem cells. 
Dolphin epidermis has a large capacity for cell popu-
lation, relatively long turnover time, and rapid slough-
ing rate. The adaptive advantages of these characteris-
tics are discussed. 
There is a gene ral impress ion t hat dolphin skin grows rapidly 
[1 ,2]. The assumption is based on empirical observations that 
surface ep ithe lium can be sc raped off easily, sheets of epidermis 
are often found in pools where these mammals are maintained, 
and superfic ial scratches heal quickly. To account for these 
observations, it is important to isolate the various components 
of ep iderma l cell kinetics: production [3-5], lifespan [6], and 
rate of loss [7,8]. Production is a function of s ize of the germinal 
pool and the rate of cell division [9] . Palmer and Weddell [10] 
felt there was a correlation between rapid replacement of s kin 
and the numerous mitotic figures they observed in the basal 
layer. We rece ntly applied radiolabeling techniques to demon-
strate that epidermal proliferative capacity of dolphin epider-
mis is about 11 times that of humans [11]. 
The present study was designed to determine the other two 
variables in skin growth , a nd thereby complete a mathematical 
express ion of epidermal cell kinetics in the bottlenose dolphin. 
We measured cell lifespan by charting the migration of a cohort 
of labeled basal cells, and searched for distinctive populations 
of stem ce ll s which some presume to play a central role in 
epidermal kinetics [12,1 3]. Combining this information with 
previous estimates on production capacity, we provide a nu-
merical value for renewal time of the entire epidermis, and the 
ra te at which surface cells are shed. 
MATERIALS AND METHODS 
The field experiment began November 1982 at Kaneohe Bay, Hawaii, 
using 2 mature female bottlenose dolphins which had been in captivity 
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for 4 and 10 years. They were held in sea water, in floating pens 
measuring 6 m square and 3 m deep. The water temperature was 26-
28"C, salinity 32-37 parts per thousand, and t he pH 7.8-8.4. The 
animals were fed a diet of thawed marine fish and were in good health 
judging from behavior, general appearance, and routine blood analysis. 
The dolphins were injected subepidermally with 0.1 ml aqueous 
solution containing 25 I"Ci of [6-3H]thymidine with a sp act of 5 Cij 
mmol (Amersham Corp., Arlington Heights, lllinois) at each of 6 sites 
spaced 2 ern apart along the skin of the back, 6 em cranial to the dorsal 
fin. One of the sites was biopsied after 1 h; the other 5 sites were 
injected twice more over the next 3 h with the second and third 
injections placed 2-5 mm from the initial sites. This triple labeling 
procedure was used to increase both the intensity of labeling and the 
size of the cohort of labeled cells. The dolphins were then transported 
to the New England Aquarium, Boston, and held in chlorinated (<0.05 
ppm free chlorine) sea water at a temperature of 17- 18"C, salinity of 
32 parts per thousand, and a pH of 8.0. One labeled site was biopsied 
from each dolphin after 10, 22, 37, 46, and 59 days. 
Biopsy samples were placed in 10% neutrally buffered formalin for 
routine paraffin sectioning and prepared for autoradiography as pre-
viously described [11]. Proliferation index was calculated as the total 
number of labeled cells per 100 basal cells. 
Calculation of the Rate of Epidermal Cell Migration 
Ra.te of cell migration to the surface was established by measuring 
the d1stance of each labeled cell from a reference line drawn across the 
base of the epidermal pegs (Fig 1). For each sampling time, 800-2000 
data points from 5 histologic sections from both animals were grouped 
into frequency histograms to illustrate the general nature of their 
distribution. The data were partitioned into 6 equally sized classes with 
a class interval of 0.27 mm. This grouping of the data summarized the 
data sufficiently without a significant loss of precision. The number of 
points in each class was then expressed as a percentage of the total 
number of cells counted for that sampling time. The mean distance 
traveled for the cohort of labeled cells was calculated for each frequency 
histogram. Migration rate of epidermal cells was calculated using a 
least squares regression analysis of the mean distance traveled by the 
labeled cell population at 10, 22, and 37 days. Samples from days 46 
and 59 were excluded because many labeled cells had already left the 
epidermis, thus biasing the data toward the slowly moving cells. 
Calculation of Sloughing Rate 
Bergstresser and Taylor [8] described sloughing rate (SR) as a 
function of turnover time (Tc) and the number Of germinatival kerat-
inocytes (Nk) underlying each superficial corneocyte, as follows: 
SR = Tc (h) 
Nk 
where Nk = No. of basal cells (N'b) 
and 
- No. of melanocytes 
Nb = Area (superficial cell) 
Area (basal cell) 
Surface area X-'::---,---
Basal area 
In our preparations, we counted 1189 germinal cells and 86 melanocytes 
along 1 em of basal lamina. Therefore, each basal cell had an average 
width of 7.84 I'm and occupied an area of 61.5 !Lm 2• The average surface 
cell has an area of approximately 4456 !Lm 2 (2] , a nd the germinatival 
area is about 13 times larger than the overlying surface area [11 ,14] . 
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FIG 1. Schernatic of the method used to measure t he average dis-
tance of a coho r t of labe led epiderma l cells above the baseline. A line 
(-- - ) was drawn across the base of the epidermal pegs. Perpendicular 
lines were then drawn from this baseline to each of the overlying 
labeled cells (.). The length of each line was measured (X) and 
frequency tables were constructed for calculati ng the average distance 
the population of labeled cells had moved above the basehne at each 
sampling time. 
TABLE r. Distribu.tion of labeled celL~ along the dermal papillae one 
hour after the injection of tritiated thymidine 
Regio n of rete peg 
Upper 
Middle 
Lower 
Number of labeled Percentage of labeled cells 
ce ll s in each region in each region 
403 34 ± 8.0 
368 31 ± 9.0 
427 36 ± 9.5 
Percentage distribution was determined for each of 8- 11 dermal 
papillae in 10 sections. 
Hence, 
4456 13 
Nb = -- X - = 942 61.5 1 
Correcting for rnelanocytes, which comprised 7%, i.e., ( 
86 ) of 
86 + 1189 
the basal cells , Nk = 942- 66 = 876. 
Electron Microscopy 
Skin biopsy specimens from the middorsal region of t he do lphins 
were fixed in 2 % gluta raldehyde m 0.1 M cocadylate buffer at pH 7.2, 
postJixed in 1% osmium tetrox ide for 4 h, dehydrated in acetone, and 
embedded in Epon. The specimens were thin-sectioned in several 
different planes a nd the stratum germi nativum was examined for 
morphologicallY distinct, spatia lly segregated subpopulations of an -
choring and stem cells. 
RESULTS 
In biopsies from t he si ngle i~j~ction site, the labe ling index 
(total number of labeled cells divided by total number of basal 
cells) was 8.Z5 % (7.9- 9.0%). The basal row contained 88.3 ± 
1.7% of the labeled ce lls while the remaining 11.7% were 
present in t he second row. The labeled cells were evenly dis-
tributed over the entire length of t he dermal papillae (Table I). 
The two additiona l injections of ["H]thymidine spaced over the 
next 3 h intensified the labeling of first-generation cells, which 
could be easilY distinguished from daughter cells (Fig 2). Only 
the movemer1t of first-generation cells was considered in our 
analysis. 
The distribution of labeled cells within each biopsy indicated 
that the cell s left t he basement membrane at t heir point of 
origin (Fig 3). Cells a long the sides of the dermal papillae and 
ridges moved toward the center of the epidermal pegs before 
turning upwtlrd. Cells at the t ips of the papillae and in t he 
troughs between papillae moved directly toward t he surface 
(Fig4). 
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FIG 2. Autoradiograph of a biopsy taken 22 days after the init ial 
injections of tritiated thymidine illustrating the in tensively labeled first 
generation cells. Bar= 20 Jill. 
Labeled cells tended to migrate as a cluster t hough there was 
considerable variation in their position at each sampling time 
(Fig 3) . Approximately 90% of the labeled cells were on the 
basal lamina on day 1; most were just above it on day 10. By 
day 22, 99% of labeled cells were above the germinatival layer 
(Fig 5) and some of these had already reached t he stratum 
externum. At 59 days, only 3 of 856 labeled cells were in the 
germinal layer. 
To define the average rate of cell migration, the distance of 
each labeled cell above the baseline was measured at each 
sampling time. The data from both animals are represented as 
a frequency histogram (Fig 6). A least squares regression analy-
sis was applied to t he mean distance traveled by labeled cells 
for biopsies taken at 10, 22, and 37 days, for each dolphin. 
Using this approach, the mean rates of epidermal cell migration 
for the two dolphins were .024 and .013 mm d-1• Therefore, 
using an overall average rate of approximately .019 mm d-I, 
t he cohort of labeled cells leaving from the midpoint of the 
papillae (1.2 mm below the epidermal surface) on day 10 would 
reach the surface in approximately 63 days. Since during the 
initial 10-day period t he cells moved off the rete pegs in a 
direction parallel to the surface, rather than directly toward 
the surface, the total t ime required for migration from the basal 
lamina to the outermost surface would be approximately 73 
days (63 d + 10 d) . Average sloughing rate was calculated as 
73 d 8~6 24 h , or 2 h, with t he outermost layer of skin being 
renewed approximately 12 times per day. 
Morphology of Basal Cells 
The basal cells were examined ultrastructurally in an attempt 
to identify morphologically distinct subpopulations [ 12,13]. Cell 
profiles were highly variable depending on the plane of section. 
In specimens sectioned parallel to t he long axis of the dermal 
papillae, most of the cells near the tips of the papillae had 
serrated dermal-epidermal junctions, whereas those with a 
smooth profile were more numerous at t he base of the dermal 
pegs. However, in other planes of section, t hese differences 
were no longer evident. In fact, cells at the tips of the dermal 
papillae often had smooth dermal-epidermal junctions and 
those at the base were often serrated. Tonofilaments were a 
predominant feature of a ll basal keratinocytes regardless of 
whether they had a serrated or nonserrated dermal-epidermal 
interface. The only other cells observed in these specimens 
were melanocytes. 
DISCUSSION 
This study helped to underscore a fundamental concept in 
epidermal cell kinetics-that keratinocytes produced in the 
proliferative compartment do not move in unison from the 
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FIG 4. Schematic of the migration pattern of labeled epidermal cells. 
Labeled cells from the stratum germinativum (SG) migrated from the 
dermal papillae (DP) tirst toward the center of the epidermal pegs, 
(EP) then toward the surface. Labeled cells from the tips and the 
troughs moved directly through the stratum intermedium (Sf) to the 
stratum externum (SE). 
0 10 20 30 40 50 60 
Days post labelling 
FIG 5. Percentage of labeled cells remaining on the basal lamina 
during the 59-day sampling period (method of Penneys et al (3]) . 
basal lamina to the surface [15,16]. Asynchronous epidermal 
cell movement is magnified in Tursiops by the convoluted basal 
layer. Cell s at the tips of the dermal papillae can move a short 
distance in a straight line to t he surface, while cells along the 
sides of t he dermal papillae must move laterally before migrat-
ing upward [11] . As in human buccal epithelium [17], epidermal 
cells in the dolphin appear to migrate independently. 
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FIG 3. Labeled cells (black dots) 
moved toward the surface at markedly 
different rates. On day 1 (a) they were 
evenly dispersed in the germinal layer 
(arrows). On day 22 (b) they were pre-
dominantly in the lower stratum inter-
medium and appeared to have left from 
the point of origin on the basement 
membrane. By day 59 (c) many labeled 
cells had presumably been shed; most of 
the remaining cells were in the stratum 
externum and upper stratum interme-
dium, and occasional cells were sti ll in 
the germinal layer. Bars = 100 ,.,m. 
20 30 40 50 60 70 
Time after injection ( day s J 
FIG 6. Frequency histograms with a class width of 0.27 mm illus-
trating the distribution of labeled cells at each sampling time. There is 
an initial lag phase from day 1 to day 10 while the majority of labeled 
cells migrate laterally. From day 10 to day 37 most of the labeled cells 
were still present within the epidermis. By days 46 and 59 many of the 
labeled cells had left the epidermis. 
Although the dermal papillae in dolphin skin resemble those 
in monkey palm, the patterns of epidermal cell production and 
morphology are different. Lavker and Sun [12] identified 2 
distinct populations of basal keratinocytes in monkey palm 
epidermis, a slow-cycling population of primitive, nonserrated 
stem cells at the tips of deep rete ridges giving rise to transient 
amplifying cells which migrate along the basement membrane 
while undergoing amplifying divisions, and a second population 
of serrated cells in shallow rete ridges believed to have an 
anchoring function. In the dolphin, however, there was no 
segregation of serrated and nonserrated basal keratinocytes, 
nor could we identify any basal cells with prirnitive cytoplasmic 
characteristics suggestive of stem cells. Labeled cells were 
evenly distributed over the surface of the rete ridges and 
appeared to leave the basement membrane from their point of 
origin. The wide variation in the rate of cell migration in the 
dolphin can be attributed more to the marked convolution of 
the basal layer than to the existence of germinal cells with 
prolonged cell cycles. In our preparation, 87% of the cells 
labeled by the initial injection of thymidine left the basal layer 
within 10 days; by day 22, 99% had moved into the stratum 
intermedium. This suggests that most, if not all, of the basal 
keratinocytes had completed a cell cycle in a 10- to 20-day 
period, similar to the 13-day cycle described for human epider-
mis [7]. 
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Epidermal ce ll s in dolphins reach t he surface an average of 
73 days after leaving t he basal laye r. Though t his is 1.7 times 
longer t han the 40- to 45-day transit time for human epidermal 
cells [8,16,18], t he rate of movement is actually 8.5 times faster 
in dolphins due to the marked difference in skin thickness. 
Dolphin ce lls migrate an average distance of 1.2 mm in 73 days, 
compared with 0.1 mm in 45 days in humans [8]. 
Epidermal t hickness is determined by cell production and 
longevity. In the steady state, high production capacity alone 
does not necessarily resul t in thick skin , unless there is also an 
increase in cell lifespan. Comparing these parameters in dol-
phin and hurnans, we can account for the 15- to 20-fold differ-
ence in th ickness in terms of a production capacity which is 
11.3 times greate r [11] and a cell lifespan 1.7 times longer in 
the dolphin. To maintain constant t hickness, sloughing rate 
must equal cell production. In humans the equation is balanced 
by renewing t he surface 1.4 times per day [8]. We found that 
dolphin skin, with its high ~roductio1~ cap_acity, required a 
proportionately higher sloughmg rate of 12 times per day or 9 
times greater than t hat in humans. 
These values are not absolute, but are representative only of 
the epidermis of the back of healthy adult Tursiops under the 
condit ions of the study. There must be fl exibili ty in the system 
to allow for response to trauma, hormonal influences, diurnal 
effects, and environmental fluctuations in temperature and 
salinity. Such response would come a_bout through an adjust-
ment of cell p roli ferat ion and maturatiOn rate, and not t he size 
of the germinal pool which is essent ially fixed . In other mam-
mals [19] considerable stimulation of mitotic rate can occur as 
a result of a variety of insu lts to the epidermis. Palmer and 
Weddell's [10] observation of _l arge numbers of mitotic figures 
in Tursiops epiderm is might s1gnal the extent to which growth 
can be stimulated. In t he face of such variability, we can expect 
characteristics of ep idermal growth to vary greatly even within 
the same anirna l. Nevertheless, we recognize that cetacean skin 
is distinguished by hi g~ cell pro~uction capacity, relatively long 
turnover t ime, and rap1d sloughmg rate. 
The production and shedding of large numbers of cells is 
energetically costly, yet must be. of some ~dvant~ge. High 
production r11ay help enhance barner properties by mcreasing 
the t hickness of the outermost layer [20,21]. A rapid sloughing 
rate as a consequence of t his high production capacity likely 
produces sor11e hydrodynamic benefit, not by introducing par-
t icles into the boundary layer [14], but by maintaining a 
smooth self-cleaning surface. Rapid exfoliatio n would limit 
coloniz~tion by microorganisms, which in other mammals is 
partially controlled by secretions from cutaneous glands [22]. 
In conclusion, we have been able to accou nt for certain 
morphologic features of cetacean sk_in by observing patterns of 
cell production and movement. H1gh production capacity is 
directly linked to sloughing rate which maintains a smooth 
surface. The unusual thickness of the epidermis .is achieved by 
prolonging the life span_ of tl~e cell s. We ar~ current!y testing 
the limits of these relatwnsh1ps by comparmg cell kmetics in 
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thinner-skinned dolphins with that in the beluga whale, Del-
phinapterus leucas, which has an epidermis up to 12 mm thick. 
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